The aim of this study is to improve the sensitivity of alcohol sensors by combining the advantages of TiO 2 and SnO 2 films in a double layer device. In this study, an RF magnetron sputtering system was employed to fabricate SnO 2 /TiO 2 double-layer and SnO 2 single-layer films for applications as alcohol sensors.
Introduction
Binary n-type semiconductor oxides such as SnO 2 , TiO 2 , WO 3 and In 2 O 3 have been extensively investigated as gassensing materials. They indicate a small amount of gaseous species present in the air through a change in their electrical resistances. However, the sensing performances do not seem to be sufficient in sensitivity and reponse rate. Developing more sensitive materials has always been an important goal of sensor technology research. Sensitivity is mainly determined by grain size, 1, 2) the number of surface electrons 3) and the density of oxygen vacancies in the crystal. 4, 5) In this study, similar grain sizes were used in all samples, the double layer structure was used for increased the number of surface electrons and the Ar/O 2 ratio under which the film was sputtered was changed to obtain the optimal oxygen vacancy density.
TiO 2 has been used as a gas sensing material because of its semiconducting behavior and good chemical properties. Titanium dioxides can crystallize in three different phases depending on the preparation conditions and environment: rutile (tetragonal), anatase (tetragonal) and brookite (orthorhombic). The anatase phase of TiO 2 is more sensitive to surface adsorbents than the rutile phase. 6) Recently, anatase phase TiO 2 has been studied as a sensing material for ethanol and hydrogen gases. 7, 8) Another popular gas sensing material is SnO 2 due to its good sensitivity to reducing gases. [9] [10] [11] Both TiO 2 and SnO 2 are widely used as sensing materials because they exhibit rather obvious changes in electrical resistance when the target gas is adsorbed by the surface of the material.
12)
The combination of SnO 2 and TiO 2 has been widely used in solar cells 13, 14) and photocatalysts, 15, 16) but it is not commonly used in gas sensors, especially not when combined in a double layer structure. Theoretically, the conduction band of SnO 2 is lower than that of TiO 2 , causing electrons to pass from TiO 2 to SnO 2 when the double-layer film is formed. This is expected to result in an improved sensitivity to alcohol. It is the aim of this study to evaluate the advantages of combining SnO 2 and TiO 2 by fabricating SnO 2 /TiO 2 double-layer films and comparing their alcohol sensitivity to those of single-layer SnO 2 film. Additional techniques must be used to specifically identify alcohols and these are not discussed in this paper.
Experimental Methods
An RF sputtering system was used to deposit the SnO 2 / TiO 2 , SnO 2 and TiO 2 thin films. The sputtering chamber was initially evacuated to below 1:33 Â 10 À4 Pa, and then flow controllers were used to regulate the flow rates of high purity Ar and O 2 into the chamber.
The SnO 2 /TiO 2 and SnO 2 thin films were deposited on silicon microchips. Single-layer TiO 2 films were deposited on silicon wafers for the purpose of observing the microstructure formed under various O 2 /Ar ratios. TiO 2 and SnO 2 were used as target materials and the working pressure was kept at 4:0 Â 10 À7 Pa. The RF power was fixed at 250 watts. The TiO 2 layer of the SnO 2 /TiO 2 double-layer thin film, SnO 2 single-layer film, and TiO 2 single-layer film were all deposited under O 2 /Ar ratios of 0.2, 0.4, 0.6, and 0.8 with the argon flow rate fixed at 50 sccm. The SnO 2 layer of the SnO 2 / TiO 2 double-layer films was deposited at a fixed O 2 /Ar ratio of 0.2 with the argon flow rate of 50 sccm. The SnO 2 /TiO 2 and SnO 2 thin films were deposited on silicon microchips with the same thickness. The thicknesses of the deposited SnO 2 /TiO 2 and SnO 2 thin films are around 400 nm. The thickness ratio of SnO 2 to TiO 2 in the SnO 2 /TiO 2 double layer is about 1:9.
All of these samples were annealed at 450 C for 1 hr in a pure air atmosphere after deposition. Gas sensors using the SnO 2 /TiO 2 films were fabricated as shown in Fig. 1 . SiO 2 was produced by oxidation to serve as the isolation layer. The Au electrodes were formed through thermal evaporation.
This shows that the sensor system was conducted not only by the surface layer but also SnO 2 /TiO 2 double-layer thin film. The active area of the sensor was about 5 mm square.
The crystal structure and surface morphology of the film were examined by X-ray diffraction (XRD), Grazing Incident X-Ray Diffraction (GID) and Scanning Electron Microscopy (SEM) respectively. The thickness of the film was measured by using an Alpha-step surface profilometer. The sensitivity of the sensor was measured in two separate experiments using the apparatus schematically shown in Fig. 2 . The sensors were placed on top of a hot plate in a test chamber containing ambient atmosphere. The hot plate was then heated to 300 C for the first experiment and 400 C for the second experiment. The air containing ethanol, methanol or isopropanol gases with a concentration of 2000 ppm were introduced into the test chamber to investigate the sensing characteristics of the sensor. The probes, which were connected to a HP-34401A multimeter, were used to measure the variation in the electrical resistance of the sensor. In order to measure the response and recovery times, the electrical resistance of the sensor was continuously monitored as the sensor was first exposed to pure air and then when gas was introduced in the test chamber. After the resistively reached a steady state, the alcohol was pumped out and replaced with the ambient atmosphere. The test cycle was repeated several times. The data acquisition rate for the resistance measurement was one datum per second. The sensitivity value of the film to alcohol could be calculated from the change in the resistance.
Results and Discussion

Microstructural characterization
It is well known that the gas-sensing properties of a metaloxide thin film are strongly dependent on its morphological features and grain size. The greater the surface area and the smaller the grain size of the material, the better the sensitivity. 1) In this study, all films were manufactured so as to have similar grain sizes to minimize the effect of grain size on sensitivity.
Figure 3(a) shows the X-ray diffraction patterns for RF sputtered TiO 2 thin films after annealing at 450 C for 1 hour. A, B and C correspond to the samples, which were deposited under various oxygen to argon ratios. The ratios are 0.2, 0.4 and 0.8 respectively. All the diffraction peaks are similar and correspond to the anatase phase of TiO 2 . No other phase was detected in this study. Figure 3(b) shows the Grazing Incident X-Ray Diffraction (GID) patterns of SnO 2 /TiO 2 films after annealing at 450 C for one hour. The phase of the SnO 2 is rutile structure. It can be concluded that the double layer SnO 2 /TiO 2 is composed of rutile structure SnO 2 and anatase structure TiO 2 . These phases were predicted to be 
Measurements of sensitivity
Gas sensitivity is defined as R a =R g , where R a is the electrical resistance in pure air and R g is the electrical resistance in air containing a reaction gas atmosphere. Figures 6, 7 , and 8 reveal that there is an obvious change in the sensitivity under different deposition atmospheres. The lower the oxygen pressure, the better the sensitivity is. Although, all films were manufactured so as to have similar grain sizes in order to minimize the effect of grain size on sensitivity, the grain size of SnO 2 deposited under the 0.2 O 2 /Ar ratios is smaller than those of other samples. The smaller grain size may improve the sensitivity of the material. The other possible explain is due to the density of oxygen vacancies in the crystal. The density of adsorbed oxygen atoms is proportional to the density of oxygen vacancies in the crystal lattice. The more density of adsorbed oxygen leads to the better sensitivity. Furthermore, the density of oxygen vacancies is inversely proportional to the oxygen ratio during sputtering. 4, 5) Therefore, the lower the oxygen, the better the sensitivity is. Different values of O 2 /Ar affect the density of oxygen vacancies but not the grain size. Because the SnO 2 (top coating) films were all prepared under the same conditions while the TiO 2 films were prepared under different O 2 /Ar ratios, it seems that the properties of the TiO 2 film in the double layer sensor had a strong effect on the sensitivity.
Though the anatase phase of TiO 2 is highly sensitivity, it was difficult to measure its electrical properties in the air containing methanol and isopropanol gases. 6, 7) The available data was shown on Figs. 6, 7 and 8. The electrical properties of the SnO 2 /TiO 2 double-layer films could be measured for all deposition conditions. These films were not only more stable, but were more sensitive than the TiO 2 single-layer films.
After careful examination of Figs. 6, 7 and 8, it can be seen that the SnO 2 /TiO 2 double layer exhibits relatively high sensitivity when compared to that of the SnO 2 single layer. The results may be attributed to the combination of two mechanisms. The first and dominant mechanism is that adsorbed oxygen on the surface of the sensor material can react with ethanol to release electrons and change the resistance of the material. This mechanism can be illustrated by formula (1):
The second mechanism is that a hetero junction is developed at the SnO 2 /TiO 2 double layer interface as schematically shown in Fig. 9 . The hetero junction is formed at the interface between TiO 2 and SnO 2 because electrons are transferred from TiO 2 to SnO 2 due to the higher work function of SnO 2 and the high electron affinity of TiO 2 (4.33 eV). 8) Oxygen in the air will be captured by the surface electrons and become adsorbed oxygen because the oxygen also has high electronegativity. More electrons on the surface create more oxygen adsorptions and result in lower resistance in the material.
3) The sensitivity is, therefore, increased due to the significant change in resistance. The sensitivity to alcohol measurement at 400 C is better than that at 300 C for the SnO 2 /TiO 2 thin film because extra thermal energy is provided and the reaction time is shorter.
The second mechanism is proved by the resistivity measurement. Figure 10 shows the variations in the electrical resistance of the SnO 2 /TiO 2 thin film, the TiO 2 single-layer film and the SnO 2 film all deposited at the O 2 /Ar ratio of 0.2 when they were exposed to 2000 ppm ethanol at a test temperature of 300 C. The initial resistance of the SnO 2 / TiO 2 double layer thin film is higher than that of the TiO 2 single-layer film. This can be attributed to the fact that electrons in the TiO 2 were transferred to the SnO 2 due to the higher work function of SnO 2 . The resistance values in the presence of ethanol are very similar for both films. Consequently, the change in resistance is greater for SnO 2 / TiO 2 than for TiO 2 .
The response time (T r ) is defined as the time after exposure to alcohol at which 90% of the resistance change has been reached. The recovery time (T c ) is defined as the time after alcohol is evacuated at which 90% of the resistance has been recovered. 19) These figure are shown in Table 1 . The response times for both SnO 2 and SnO 2 /TiO 2 are rather quick when alcohol gases of 2000 ppm concentration are detected. The both the response and recovery time of the SnO 2 /TiO 2 double layer sensor are shorter than that of the SnO 2 single layer sensor. This is due to the larger number of elections on the surface of the SnO 2 /TiO 2 double layer sensor. When pure air is let in, the greater negative charge at the surface attracts the O 2 more powerfully and thus speeds the recovery reaction. The response and recovery times for the sensors are short enough for gas sensing applications such as food analysis, wine identification, electronic noses and breath analysis.
Conclusions
In this study, SnO 2 /TiO 2 double-layer thin films and SnO 2 single-layer films were prepared for the construction of alcohol sensors. The SnO 2 /TiO 2 double-layer thin films have a better sensitivity and quicker recovery time compared to single-layer SnO 2 films. The sensitivity of SnO 2 /TiO 2 double-layer film is mainly controlled by the properties of the TiO 2 film. Adsorbed oxygen atoms played an important role in the sensitivity mechanism. The TiO 2 film deposited at low oxygen/argon ratio had high sensitivity because more oxygen vacancies were induced in the crystal lattice. The sensitivity was higher at higher temperature due to thermally activated processes.
